1. Introduction {#sec1-molecules-21-00925}
===============

Numerous traditional pesticides are banned in many countries because of their high toxicity \[[@B1-molecules-21-00925],[@B2-molecules-21-00925],[@B3-molecules-21-00925],[@B4-molecules-21-00925],[@B5-molecules-21-00925]\] and poor biodegradation \[[@B6-molecules-21-00925],[@B7-molecules-21-00925],[@B8-molecules-21-00925],[@B9-molecules-21-00925],[@B10-molecules-21-00925],[@B11-molecules-21-00925]\]. Fortunately, green pesticides \[[@B12-molecules-21-00925],[@B13-molecules-21-00925],[@B14-molecules-21-00925],[@B15-molecules-21-00925]\] for mimic natural pesticides \[[@B16-molecules-21-00925],[@B17-molecules-21-00925],[@B18-molecules-21-00925],[@B19-molecules-21-00925],[@B20-molecules-21-00925]\] are efficient strategies in pesticide research and development, and pesticides from natural resources are very attractive to academic and industrial researchers due to their unique pesticidal activities, good biodegradation and environmental friendliness. Chitin is the most abundant natural polyaminosaccharide and serves as a structural component to form the skin of many arthropod pests. Chitin synthesis is controlled by chitin synthase, and if this synthesis is interrupted, arthropod pests cannot survive without skin. Due to lack of an equivalent chitin synthesis in plants and vertebrates, the chitin synthesis process is considered as an ideal and safe target site for pesticide development. Over past four decades, a lot of compounds have been successfully launched worldwide as chitin synthesis inhibitors (CSIs) \[[@B21-molecules-21-00925],[@B22-molecules-21-00925],[@B23-molecules-21-00925],[@B24-molecules-21-00925]\] to combat arthropod pests in agriculture and forestry. Among them, benzoylureas such as diflubenzuron \[[@B25-molecules-21-00925],[@B26-molecules-21-00925],[@B27-molecules-21-00925]\] and novaluron \[[@B28-molecules-21-00925],[@B29-molecules-21-00925]\] are the most popular chemicals among commercially available pesticides, and they are also regarded as green pesticides. Unfortunately, benzoylurea residues have been detected in recent years in soils, rivers, crops and fruits, and it can be considered as low biodegradability products with potential hazards to human health, and flufenoxuron, one of the benzoylureas, was banned in the European Union in 2011 due to its high risk to aquatic organisms and high potential for bioaccumulation in the food chain. Although the mode of action of chitin synthesis inhibitors is somewhat elusive \[[@B23-molecules-21-00925]\], the research and development of novel CSIs with high efficiency and good biodegradation are still attractive for pesticide development.

Carbohydrates and amino acids are common biomolecules in living organisms and play key roles in many important biological activities. Both of them are easily biodegradable. Some pesticides are derived from or contain carbohydrates and peptides. The combination of these two biomolecules for the exploration of pesticides is a new trend in recent years \[[@B30-molecules-21-00925],[@B31-molecules-21-00925],[@B32-molecules-21-00925],[@B33-molecules-21-00925],[@B34-molecules-21-00925]\]. Uridine diphosphate *N*-acetyl-β-glucosamine (UDP-GlcNAc), the precursor for chitin synthesis, can be divided into two parts, one part is *N*-acetyl-β-glucosamine (GlcNAc) portion, and the other part is uridine diphosphate (UDP). These two parts are connected by β-(1-4)-glycosidic bonds ([Figure 1](#molecules-21-00925-f001){ref-type="fig"}). Firstly, due to the lack of structural information about chitin synthase, the details of the chitin synthesis process remain elusive, but researchers have found that β-(1-4)-glycosidic bond formation between aminosaccharides with inversion of the configuration at the anomeric center occurs in the transfer of GlcNAc residues to chitin \[[@B23-molecules-21-00925]\]. Natural CSIs such as trehazolin \[[@B35-molecules-21-00925],[@B36-molecules-21-00925],[@B37-molecules-21-00925],[@B38-molecules-21-00925]\], salbostatin \[[@B39-molecules-21-00925],[@B40-molecules-21-00925],[@B41-molecules-21-00925]\], and validoxylamine \[[@B42-molecules-21-00925],[@B43-molecules-21-00925],[@B44-molecules-21-00925]\], possess a similar structure to UDP-GlcNAc, so we can hypothesize that chitin synthase perhaps mistakes these natural CSIs for chitin synthetic precursors to complete chitin synthesis resulting in interruption of chitin formation. Secondly, in the GlcNAc part of the chitin precursor, the hemiacetal hydroxyl group and amino group are located on the 1- and 2- positions of the glucose ring, whereas these two groups are arranged at 2- and 1- positions in the sugar ring of the abovementioned natural CSIs. Such opposite location of two groups in these above chemicals is called the "anti-chitin structure" ([Figure 2](#molecules-21-00925-f002){ref-type="fig"}). We believe that chitin synthase probably follows a "like uses like" principle, and misuses these "anti-chitin structure" chemicals as chitin precursors for chitin synthesis and this leads to the discontinuation of chitin synthesis. The thiourea group is used as a functional group for some pesticides to achieve highly efficient larvicidal activity, for instance, diafenthiuron \[[@B45-molecules-21-00925],[@B46-molecules-21-00925],[@B47-molecules-21-00925],[@B48-molecules-21-00925]\] containing one thiourea moiety shows a strong larvicidal ability toward mites ([Figure 3](#molecules-21-00925-f003){ref-type="fig"}). With this in mind, inclusion of a thiourea group is a feature of the designed molecules presented in this paper. In order to validate the above hypothesis, herein we have synthesized a novel series of glucosyl thioureas with "anti-chitin structure" from [d]{.smallcaps}-glucose and amino acids or amines, and their preliminary pesticidal and growth inhibitory activities to *Mythiman separata* Walker have also been investigated.

2. Results and Discussion {#sec2-molecules-21-00925}
=========================

2.1. Chemical Synthesis of [d]{.smallcaps}-Glucose-Based Thioureas {#sec2dot1-molecules-21-00925}
------------------------------------------------------------------

The chemical synthesis of novel "anti-chitin structural" thioureas ([Scheme 1](#molecules-21-00925-sch001){ref-type="scheme"}) begins from [d]{.smallcaps}-glucose (**1**). The acetylation of [d]{.smallcaps}-glucose following substitution of one of the hemiacetal position acetate groups of glucose with bromine affords 1-bromo-2,3,4,6-tetraacetyl-[d]{.smallcaps}-glucose (**2**) in moderate (57%) yield. Intermediate **2** reacts with an excess of Pb(SCN)~2~ in hot toluene to furnish isothiocyanate **3** in 82% yield. The intermediate **3** should be quickly due to its instability when exposed to air and light.

With peracetoxy-[d]{.smallcaps}-glucosyl isothiocyanate **3** in hand, the ethyl ester of [l]{.smallcaps}-phenylalanine (**4a**) was chosen as a chiral amine for coupling with **3** in anhydrous CH~2~Cl~2~ at room temperature (r.t.) to give "anti-chitin structural" thiourea **5a** in high yield (91%). Following the same method, the other thioureas **5b**--**j** were also prepared in good yields. For instance, the ethyl esters of [d]{.smallcaps}-phenylalanine (**4b**), [l]{.smallcaps}-phenylalaninol (**4c**), [d]{.smallcaps}-phenylalaninol (**4d**), (*S*)-α-methylbenzylamine (**4e**), (*R*)-α-methyl-benzylamine (**4f**) and benzylamine (**4g**) were introduced into the molecules to afford thioureas **5b**--**g** for investigation of the effect on pesticidal activities with the change of the stereogenic center of the amine groups. Some previous studies suggest that the existence of hydrogen-binding interactions between chitin synthase and pesticidal molecules can enhance the pest-controling bioactivity \[[@B23-molecules-21-00925]\]. Therefore, [l]{.smallcaps}-phenylalaninol (**4c**) and [d]{.smallcaps}-phenylalaninol (**4d**) were used for the construction of these "anti-chitin structural" glycosyl thioureas **5c** and **5d** to produce many more hydrogen-binding interactions. Tebufenozide \[[@B49-molecules-21-00925],[@B50-molecules-21-00925],[@B51-molecules-21-00925],[@B52-molecules-21-00925],[@B53-molecules-21-00925]\] is a best selling pesticide in recent decades which contains one benzoylhydrazine group ([Figure 3](#molecules-21-00925-f003){ref-type="fig"}), so benzoylhydrazine (**4h**) was anchored in thiourea **5h**. Thioureas **5i** and **5j** contain quinine and taxol C-13 side moieties, respectively. These two groups are derived from natural products, and hopefully would afford good pesticidal activities. All these prepared glycosyl thioureas **5a**--**j** were fully characterized by their NMR and MS spectra (in [Supplementary Matrials](#app1-molecules-21-00925){ref-type="app"}). This synthetic route enjoys many advantages such as commercially available materials, easily scalable procedures and highly reproducible yields.

2.2. Pesticidal and Growth Inhibition Actvities of [d]{.smallcaps}-Glucose-Based Thioureas {#sec2dot2-molecules-21-00925}
------------------------------------------------------------------------------------------

Firstly, the larvicidal activities of these "anti-chitin structural" glycosyl thioureas **5a**--**j** ([Figure 4](#molecules-21-00925-f004){ref-type="fig"}) against oriental armyworm (*Mythimna separata* Walker) were investigated \[[@B54-molecules-21-00925],[@B55-molecules-21-00925],[@B56-molecules-21-00925],[@B57-molecules-21-00925]\]. All of the compounds were tested at various concentrations from 6.25 mg/L to 100 mg/L, and the results are summarized in [Table 1](#molecules-21-00925-t001){ref-type="table"}. From the results we can see that at the concentration of 6.25 mg/L, none of the tested thioureas showed any larvicidal activity. As the concentrations increased, the larvicidal activities also increased, but unfortunately, no highly larvicidal activities were found for any of the tested thioureas, even at the highest concentration of 100 mg/L. Thioureas **5e**, **5f** (containing an α-methylbenzylamino group), **5g** (with a benzylamino group), **5i** (possessing a quininylamino group) and **5j** (from the C-13 side chain of taxol) demonstrated no larvicidal activities at the concentration of 100 mg/L, and the compound **5h** (with a benzoylhydrazine group) only showed slightly larvicidal activity under the same conditions. To our delight, thioureas **5a**--**5d** (derived from phenylalanine) exhibited low larvicidal activities to *Mythiman separata* Walker at the concentration of 100.0 mg/L.

During our investigation of the larvicidal activities of these thioureas, we found that the growth rate of the pests treated by compounds **5a**, **5b** and **5c** are significantly slower than those of the control group (CG). This phenomenon indicated that these four thioureas possess growth inhibition activities towards *Mythiman separata* Walker. To this point, the growth inhibition of these four "anti-chitin structural" glycosyl thioureas was tested, and the results are listed in [Table 2](#molecules-21-00925-t002){ref-type="table"}, where it is found that the growth inhibitory rates of **5a** and **5b** are 39.34% and 34.75% at the concentration of 100.0 mg/L, respectively. Thiourea **5c** derived from [d]{.smallcaps}-glucosyl isothiocyanate and [l]{.smallcaps}-phenylalaninol showed the best growth inhibitory ability (up to 47.38%) on *Mythiman separata* Walker. This is probably due to the existence of hydrogen-binding interactions between chitin synthase and the two NH and one hydroxyl groups of compound **5c**.

3. Materials and Methods {#sec3-molecules-21-00925}
========================

3.1. General Information {#sec3dot1-molecules-21-00925}
------------------------

Melting points are uncorrected and expressed in °C. ^1^H-NMR (400 MHz) and ^13^C-NMR (100 MHz) spectra were measured in CDCl~3~ solution on an AV-400 spectrometer (Bruker, USA) using TMS as an internal reference. Coupling constant (*J*) values are given in Hz. Multiplicities are designated by the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; br, broad; m, multiplet. High-resolution mass spectra were performed on a Bruker microTOF-Q II Mass Spectrometer with ES ionization (ESI). All commercially available reagents were used as received. Products were purified by flash column chromatography on silica gel (200--300 mesh) purchased from Qingdao Hai Yang Chemical Co., Ltd. (Qingdao, China). Reagents were all analytically pure. All solvents and liquid reagents were dried by standard methods in advance and distilled before use. All reactions involving air or moisture sensitive species were performed in oven-dried glassware under inert atmosphere. 1-Bromo-2,3,4,6-tetraacetyl-[d]{.smallcaps}-glucose (**2**) \[[@B58-molecules-21-00925]\], isothiocyanate **3** \[[@B59-molecules-21-00925],[@B60-molecules-21-00925]\], (9*S*)-aminoquinine (**4i**) \[[@B61-molecules-21-00925],[@B62-molecules-21-00925]\] and the C-13 side chain of taxol **4j** \[[@B63-molecules-21-00925],[@B64-molecules-21-00925]\] were prepared according to the corresponding literature methods.

3.2. Typical Procedure for the Preparation of ***5a**--**j***: Preparation of (2S)-((2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-gluco-pyranosyl)carbamothioylamino)-3-phenyl-1-propanol (***5c***) {#sec3dot2-molecules-21-00925}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Under an inert atmosphere [l]{.smallcaps}-phenylalaninol (**4c**, 1.52 g, 5.05 mmol) in anhydrous CH~2~Cl~2~ (10 mL) added dropwise by syringe over 5 min at room temperature to a solution of isothiocyanate **3** (3.90 g, 5.0 mmol) in anhydrous CH~2~Cl~2~ (15.0 mL). The resulting mixture was stirred for 3 h and reaction progress was monitored by thin-layer chromatography (eluent: *n*-hexane/EtOAc = 5:1, *v*/*v*). When the reaction was finished, the solvent was removed under reduced pressure to give a yellow foam which was directly purified by a flash column chromatography (eluent: *n*-hexane/EtOAc = 5:1, *v*/*v*) to afford 2.44 g (90%) of the pure isothiocyanate **5c** as light yellow crystals, m.p. 79.2--81.4 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.40; \[α$\rbrack_{D}^{25}$ − 29.6 (*c* 0.5, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.34--7.19 (m, 5H), 7.01--6.99 (m, 1H), 5.62 (br, 1H), 5.37--5.32 (m, 1H), 5.15--5.02 (m, 2H), 4.35--4.28 (m, 1H), 4.16--4.08(m, 1H), 3.87--3.85 (m, 1H), 3.74--3.71 (m, 1H), 3.60--3.57 (m, 1H), 2.95--2.68 (m, 3H), 2.17 (m, 1H), 2.05 (m, 13 H, 4 CH~3~ + 1H); ^13^C-NMR (CDCl~3~): δ 183.44, 171.45, 170.91, 170.80, 169.93, 169.72, 137.27, 129.24, 128.71, 126.81, 80.20, 73.36, 72.84, 70.85, 68.29, 61.70, 38.80, 36.59, 28.16, 20.78, 20.62, 20.60; MS (ESI): *m*/*z* (%): 563.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*): Calcd for C~24~H~33~N~2~O~10~S \[M + H\]^+^: 541.1856, Found: 541.1854.

The following isothiocyanates were similarly prepared following this general procedure:

*Ethyl (2,3,4,6-tetra-O-acetyl-β-[d]{.smallcaps}-glucopyranosyl)carbamothioyl-l-phenyl alaninate* (**5a**) \[[@B65-molecules-21-00925]\]. Syrup (2.65 g, 91%); Lit. \[[@B65-molecules-21-00925]\] light yellow solid, m.p. 86.7--88.5 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.45; \[α$\rbrack_{D}^{25}$ + 35.6 (*c* 0.5, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.28--7.26 (m, 2H), 7.12--7.10 (m, 2H), 6.95--6.90 (m, 2H), 5.60 (br, 1H), 5.33 (t, *J* = 8.8 Hz, 2H), 5.07 (t, *J* = 8.8 Hz, 1H), 4.97 (t, *J* = 9.2 Hz, 1H), 4.36--4.33 (m, 1H), 4.15 (q, *J* = 6.8 Hz, 2H), 4.06 (d, *J* = 12.4 Hz, 1H), 3.81--3.79 (m, 1H), 3.30--3.15 (m, 2H), 2.07 (m, 1H), 2.02--2.01 (m, 12H, 4 CH~3~), 1.23 (t, *J* = 6.8 Hz, 3H, 1 CH~3~); ^13^C-NMR (CDCl~3~): δ 183.25, 171.89, 171.23, 170.82, 170.03, 169.74, 135.83, 129.44, 128.51, 127.14, 82.52, 73.35, 72.87, 70.51, 68.23, 61.78, 61.71, 58.10, 37.46, 20.75, 20.69, 20.61, 20.59, 14.08; The NMR of **5a** is identical to that found in \[[@B65-molecules-21-00925]\]; MS (ESI) *m*/*z* (%): 605.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~26~H~35~N~2~O~11~S \[M + H\]^+^: 583.1962, Found: 583.1954.

*Ethyl (2,3,4,6-tetra-O-acetyl-β-[d]{.smallcaps}-glucopyranosyl)carbamothioyl-[d]{.smallcaps}-phenyl alaninate* (**5b**). Light yellow solid (2.59 g, 89%), m.p. 165.7--168.3 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.45. \[α$\rbrack_{D}^{25}$ − 19.2 (*c* 0.1, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.28--7.27 (m, 2H), 7.04 (m, 2H), 6.88--6.86 (m, 2H), 5.69 (br, 1H), 5.36 (t, *J* = 9.2 Hz, 2H), 5.09 (t, *J* = 9.2 Hz, 1H), 4.93 (t, *J* = 9.2 Hz, 1H), 4.30--4.28 (m, 1H), 4.17 (t, *J* = 6.8 Hz, 2H), 4.04 (d, *J* = 12.4 Hz, 1H), 3.87--3.84 (m, 1H), 3.44--3.40 (dd, *J*~1~ = 7.6 Hz, *J*~2~ = 5.6 Hz, 1H), 3.18 (d, *J* = 13.6 Hz, 1H), 2.05--2.01 (m, 12H, 4 CH~3~), 1.89--1.85 (m, 1H), 1.27 (t, *J* = 6.8 Hz, 3H, 1 CH~3~); ^13^C-NMR (CDCl~3~): δ 182.67, 171.54, 171.46, 170.74, 169.98, 169.69, 135.70, 129.50, 128.42, 127.17, 82.41, 73.32, 72.73, 70.65, 68.12, 61.87, 61.66, 57.86, 37.37, 20.73, 20.66, 20.62, 20.59, 14.15; MS (ESI) *m*/*z* (%): 605.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~26~H~35~N~2~O~11~S \[M + H\]^+^: 583.1962, Found: 583.1957.

*(2R)-((2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-glucopyranosyl)carbamothioylamino)-3-phenyl-1-propanol* (**5d**). Light yellow solid (2.45 g, 91%), m.p. 150.5--152.3 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.40; \[α$\rbrack_{D}^{25}$ + 28.2 (*c* 0.5, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.28--7.24 (m, 5H), 6.98--6.93 (m, 2H), 5.83 (br, 1H), 5.40--5.35 (m, 1H), 5.19 (m, 1H), 5.05 (m, 1H), 4.76 (br, 1H), 4.41--4.39 (m, 1H), 4.23--4.40 (m, 1H), 3.90--3.88 (m, 1H), 3.70--3.68 (m, 1H), 3.53--3.51 (m, 1H), 2.95--2.84 (m, 2H, CH~2~), 2.05 (m, 13 H, 4 CH~3~ + 1H); ^13^C-NMR (CDCl~3~): δ 183.08, 171.28, 170.90, 169.95, 16979, 137.57, 129.30, 128.59, 126.65, 82.91, 73.78, 72.88, 70.65, 68.23, 61.56, 57.10, 36.78, 20.79, 20.63; MS (ESI): *m*/*z* (%): 563.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~24~H~33~N~2~O~10~S \[M + H\]^+^: 541.1856, Found: 541.1848.

*N-(2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-glucopyranosyl)-N′-1-(S-)-phenylethyl thiourea* (**5e**). Light yellow solid (2.27 g, 89%), m.p. 153.3--154.7 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.45; \[α$\rbrack_{D}^{25}$ + 4.0 (*c* 0.25, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.37--7.32 (m, 5H), 6.66--6.35 (br, 1H), 5.66 (m, 1H), 5.37--5.32 (q, *J* = 9.2 Hz, 1H), 5.13--5.03 (m, 1H), 4.94--4.89 (m, 1H), 4.29--4.28 (m, 1H), 4.09--4.06 (d, *J* = 12.0 Hz, 1H), 3.83--3.82 (m, 1H), 2.11 (m, 2H), 2.04 (m, 12H, 4 CH~3~), 1.53 (d, *J* = 6.4 Hz, 3H, CH~3~); ^13^C-NMR (CDCl~3~): δ 182.45, 171.62, 170.74, 169.86, 169.73, 129.01, 127.85, 126.01, 90.17, 82.92, 73.28, 72.62, 70.89, 68.33, 67.67, 53.90, 20.83, 20.76, 20.63, 20.61; MS (ESI): *m*/*z* (%): 533.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~23~H~31~N~2~O~9~S \[M + H\]^+^: 511.1750, Found: 511.1743.

*N-(2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-glucopyranosyl)-N′-1-(R-)-phenylethyl thiourea* (**5f**). Light yellow solid (2.45 g, 95%), m.p. 79.5--82.0 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.45; \[α$\rbrack_{D}^{25}$ + 4.8 (*c* 0.5, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.35--7.29 (m, 5H), 6.96 (br, 2H), 5.71 (br, 1H), 5.35--5.27 (q, *J* = 9.6 Hz, 1H), 5.05 (t, *J* = 9.6 Hz, 1H), 4.92 (m, 1H), 4.35--4.31 (m, 1H), 4.09--4.03 (m, 1H), 3.84--3.82 (m, 1H), 2.04--1.99 (m, 13H, 4 CH~3~ + 1H), 1.50 (d, *J* = 5.6 Hz, 3H, CH~3~); ^13^C-NMR (CDCl~3~): δ 182.45, 171.48, 170.83, 169.91, 169.76, 128.95, 127.78, 126.04, 82.86, 73.37, 72.87, 70.91, 68.37, 68.32, 61.71, 53.85, 20.78, 20.76, 20.62, 20.56; MS (ESI): *m*/*z* (%): 533.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~23~H~31~N~2~O~9~S \[M + H\]^+^: 511.1750, Found: 511.1752.

*N-(2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-glucopyranosyl)-N′-benzyl thiourea* (**5g**). Light yellow solid (2.37 g, 96%), m.p. 72.7--74.3 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.50; \[α$\rbrack_{D}^{25}$ + 5.2 (*c* 0.25, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.37--7.28 (m, 5H), 6.62 (br, 2H), 5.73 (t, *J* = 8.4 Hz, 1H), 5.37 (t, *J* = 10.0 Hz, 1H), 5.09 (t, *J* = 9.6 Hz, 1H), 4.99 (t, *J* = 9.6 Hz, 1H), 4.77 (br, 1H), 4.36--4.32 (dd, *J*~1~ = 7.6 Hz, *J*~2~ = 4.8 Hz, 1H), 4.05 (d, *J* = 12.4 Hz, 1H), 3.88--3.84 (dd, *J*~1~ = 5.2 Hz, *J*~2~ = 4.4 Hz, 1H), 2.10--2.05 (m, 13H, 4 CH~3~ + 1 H); ^13^C-NMR (CDCl~3~): δ 170.85, 169.93, 169.74, 128.93, 127.94, 82.96, 73.49, 72.74, 70.82, 68.35, 61.70, 20.79, 20.72, 20.64, 20.62; MS (ESI): *m*/*z* (%): 519.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~22~H~29~N~2~O~9~S \[M + H\]^+^: 497.1594, Found: 497.1594.

*N-(2,3,4,6-tetra-O-Acetyl-β-[d]{.smallcaps}-glucopyranosyl)-N′-benzamido thiourea* (**5h**). Light yellow solid (2.51 g, 95%), m.p. 125.6--127.2 °C; *R*~f~ (*n*-hexane/EtOAc = 5:1): 0.40; \[α$\rbrack_{D}^{25}$ + 6.2 (*c* 0.28, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.92--7.90 (d, *J* = 7.6 Hz, 2H), 7.63 (m, 1H), 7.54 (m, 2H), 5.75 (t, *J* = 8.8 Hz, 1H), 5.37 (t, *J* = 9.6 Hz, 1H), 5.06 (m, 2H), 4.30 (d, *J* = 10.0 Hz, 1H), 4.03 (br, 1H), 3.86 (d, *J* = 8.0 Hz, 1H), 2.06--2.00 (m, 13H, 4 CH~3~ + 1H), 1.95 (br, 2H); ^13^C-NMR (CDCl~3~): δ 170.90 169.87, 169.64, 132.99, 130.92, 128.97, 127.48, 82.70, 73.73, 72.60, 70.40, 68.18, 61.53, 20.78, 20.61, 20.57; MS (ESI): *m*/*z* (%): 548.0 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd for C~22~H~28~N~3~O~10~S \[M + H\]^+^: 526.1495, Found: 526.1489.

*N-(2,3,4,6-tetra-O-Acetyl-b-[d]{.smallcaps}-glucopyranosyl)-N′-deoxyquininyl thiourea* (**5i**) \[[@B66-molecules-21-00925]\]. Light yellow solid (2.86 g, 81%), m.p. 94.2--95.7 °C, *R*~f~ (*n*-hexane/EtOAc = 3:1): 0.40. \[α$\rbrack_{D}^{25}$ − 67.2 (*c* 0.25, CHCl~3~); Lit. \[[@B66-molecules-21-00925]\] white solid, m.p. 139--140 °C, \[α$\rbrack_{D}^{25}$ = −70.87° (*c* = 1.0, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 8.74--8.73 (d, *J* = 4.0 Hz, 1H), 8.04--8.02 (d, *J* = 8.8 Hz, 1H), 7.72 (br, 1H), 7.41--7.29 (m, 3H), 5.71--5.66 (m, 2H), 5.33 (t, *J* = 9.2 Hz, 1H), 5.32 (m, 1H), 5.11--4.98 (m, 4H), 4.30 (d, *J*~1~ = 8.4 Hz, *J*~2~ = 3.6 Hz, 1H), 4.11 (br, 1H), 4.02 (s, 3H, OCH~3~), 3.82 (d, *J* = 8.4 Hz, 1H), 3.26--3.23 (m, 4H), 2.81 (br, 2H), 2.35 (br, 1H), 2.03--2.01 (m, 12H, 4 CH~3~), 1.71 (m, 3H), 1.37--1.27 (m, 2H), 0.96--0.93 (m, 1H). ^13^C-NMR (CDCl~3~): δ 184.03, 181.13, 170.63, 169.89, 169.62, 158. 15, 147.62, 144.76, 140.31, 131.82, 130.94, 128.84, 121.99, 115.27, 73.32, 72.92, 70.80, 68.19, 65.58, 61.58, 55.79, 40.82, 38.90, 30.56, 27.17, 25.34, 24.12, 20.74, 20.69, 20.60, 19.18, 13.74; the NMR of **5i** is identical to the published data \[[@B66-molecules-21-00925]\]; MS (ESI): *m*/*z* (%): 735.1 \[M + Na\]^+^, 713.2, 701.4, 588.3 (100).\]; HRMS (ESI, *m*/*z*) Calcd for C~35~H~45~N~4~O~10~S \[M + Na\]^+^: 713.2856, Found: 713.2863.

*Methyl* *(2,3,4,6-tetra-O-acetyl-b-[d]{.smallcaps}-glucopyranosyl)carbamothioylamino-(2S-hydroxyl-3R-phenyl)-1-propanate* (**5j**). Light yellow solid (2.48 g, 85%), m.p. 135.9--137.5 °C; *R*~f~ (*n*-hexane/EtOAc = 3:1): 0.40; \[α$\rbrack_{D}^{25}$ − 10.6 (*c* 0.4, CHCl~3~); ^1^H-NMR (CDCl~3~): δ 7.56--7.54 (m, 1H), 7.38--7.30 (m, 4H), 7.05--7.03 (m, 1H), 6.27--6.26 (m, 1H), 5.85 (br, 1H), 5.35 (t, *J* = 9.2 Hz, 1H), 5.11 (t, *J* = 9.6 Hz, 2H), 4.62 (s, 1H), 4.35--4.31 (m, 1H), 4.15--4.09 (m, 1H), 3.87--3.85 (m, 1H), 3.80 (s, 3H, OCH~3~), 2.09 (m, 2H), 2.06--2.03 (m, 12H, 4 CH~3~). ^13^C-NMR (CDCl~3~): δ 183.79, 173.65, 171.72, 170.82, 170.03, 169.65, 138.20, 128.70, 127.90, 126.91, 90.14, 82.81, 73.53, 72.92, 70.80, 68.22, 61.74, 59.32, 52.98, 20.72, 20.64, 20.62; MS (ESI): *m*/*z* (%): 607.1 \[M + Na\]^+^ (100); HRMS (ESI, *m*/*z*) Calcd. for C~25~H~33~N~2~O~12~S \[M + H\]^+^: 585.1754, Found: 585.1751.

3.3. Biological Assay {#sec3dot3-molecules-21-00925}
---------------------

All bioassays were performed on representative test organisms reared in the laboratory. The bioassay was repeated at 25 ± 1 °C according to statistical requirements.

### 3.3.1. Larvicidal Activity against *Mythimna separata* Walker {#sec3dot3dot1-molecules-21-00925}

The larvicidal activity of the title compounds and contrast with control group (CG) against oriental armyworm (*Mythimna separata* Walker) was tested according to the leaf-dip method using the reported procedure \[[@B14-molecules-21-00925]\]. Leaf disks (about 5 cm) were cut from fresh corn leaves and then were dipped into the test solution for 3−5 s. After air drying, the treated leaf disks were placed individually into a glass-surface vessel (9 cm). Each dried treated leaf disk was infested with 10 third instar oriental armyworm larvae. Percentage mortalities were evaluated 4 days after treatment. Leaves treated with acetone were provided as controls (CG). Each treatment was performed three times. The assessments of larvicidal activity of **5a**--**j** were made on a dead/alive basis, and mortality rates were corrected using Abbott's formula. Evaluations were based on a percentage scale of 0−100, in which 0 = no activity and 100 = total kill. The insecticidal activity is summarized in [Table 1](#molecules-21-00925-t001){ref-type="table"}.

### 3.3.2. Growth Inhibitory Activities to *Mythimna separata* Walker {#sec3dot3dot2-molecules-21-00925}

The growth inhibitory activity of the compounds **5a**--**c** and contrast with control group (CG) was tested according to the leaf-dip method using the above procedure. The inhibitory rates of the compounds, summarized in [Table 2](#molecules-21-00925-t002){ref-type="table"}, were calculated according to the following formula: $$\text{Inhibitory\ rate}~\left( \text{\%} \right)~ = ~\frac{\text{average\ increased\ weight\ of\ control\ -\ average\ increased\ weight\ of\ test}}{\text{average\ increased\ weight\ of\ control}}~ \times ~\text{100\%}$$

4. Conclusions {#sec4-molecules-21-00925}
==============

In summary, a series of novel glucosylthioureas with "anti-chitin structure" have been prepared through four steps from [d]{.smallcaps}-glucose and various amines, and this synthetic route is notable for its convenience and high efficiency. The larvicidal activities of these compounds on *Mythiman separata* Walker have been also investigated. Although no obvious larvicidal ability was found for any of these thioureas, some of them show moderate growth inhibitory activities (up to 47.38%) on *Mythiman separata* Walker. Our attempt to use natural materials such as carbohydrates and amino acids as sources for synthesis of new pesticides may open a new window for the development of green pesticides.
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The following supplementary data (^1^H-NMR, ^13^C-NMR, and HRMS spectra) associated with this article are available online at <http://www.mdpi.com/1420-3049/21/7/925/s1>.
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![The structures of diflubenzuron and chitin precursor.](molecules-21-00925-g001){#molecules-21-00925-f001}

![The "anti-chitin structure" of some natural CSIs.](molecules-21-00925-g002){#molecules-21-00925-f002}

![The structures of diafenthiuron and tebufenozide.](molecules-21-00925-g003){#molecules-21-00925-f003}

![General synthetic route to glucose-based thioureas **5**. *Reagents and Conditions*: (**a**) Ac~2~O, one drop of conc. HClO~4~, −5\~0 °C; (**b**) Br~2~, dropwise, −5\~0 °C, 57% (2 steps); (**c**) 1.1 eq. Pb(SCN)~2~, toluene, 80 °C, 82%; (**d**) RNH~2~ (**4a**--**j**), CH~2~Cl~2~, r.t., 81%\~96%.](molecules-21-00925-sch001){#molecules-21-00925-sch001}

![The structures of [d]{.smallcaps}-glucosyl thioureas **5a**--**j**.](molecules-21-00925-g004){#molecules-21-00925-f004}

molecules-21-00925-t001_Table 1

###### 

The larvicidal activities against *Mythimna separata* Walker of **5a**--**j**.

  Larvicidal Activity (%) ^a^ at (mg/L)                                      
  --------------------------------------- ------ ------ ------ ------ ------ ------
  **5a**                                  13.3   10.0   13.3   16.7   10.0   13.3
  **5b**                                  0      10.0   10.0   10.0   16.7   13.3
  **5c**                                  3.3    3.3    6.7    3.3    13.3   13.3
  **5d**                                  0      6.7    3.3    3.3    13.3   0
  **5e**                                  0      3.3    0      10.0   0      0
  **5f**                                  0      0      3.3    0      0      3.3
  **5g**                                  0      3.3    0      0      0      3.3
  **5h**                                  3.3    3.3    0      0      3.3    3.3
  **5i**                                  0      6.7    0      3.3    3.3    0
  **5j**                                  0      3.3    0      6.7    0      0

^a^ The compound tested was dissolved in acetone at the indicated concentration; ^b^ CG = Control group.

molecules-21-00925-t002_Table 2

###### 

The growth inhibitory activities to *Mythimna separata* Walker of **5a**--**c**.

  Growth Inhibition Activity (%) ^a^ at (mg/L)                                         
  ---------------------------------------------- ------ ------ ------- ------- ------- ----
  **5a**                                         6.07   4.59   16.56   30.16   39.34   \-
  **5b**                                         1.97   8.85   6.89    26.56   34.75   \-
  **5c**                                         7.87   9.67   25.25   35.25   47.38   \-

^a^ The compound tested was dissolved in acetone at the indicated concentration. ^b^ CG = Control group.

[^1]: These authors contributed equally to this work.
